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1. BAS IC  CONSIDERATIONS 
Cellular control mechanisms play an important role in the growth and development of a 
multicellular organism. Our present level of understanding cancer is clearly not sufficient. In spite 
thereof the area of analyzing complex biological systems by mathematics and systems cience is 
gaining aconsiderable impetus [1, 2]. As early as in 1968 1 favored the hypothesis tointerpret tumor 
diseases as structurally unstable control circuits [3]. The model approach was simulated with a 
digital computer using a block-oriented simulation language ASIM which is similar to CSMP. 
Thus, it was possible to simulate different tumor diseases with one and the same control-loop model 
which led to characteristic curves representing the number of cells as a function of time [4]. 
In the real biological world cancer therapy requires instructions on the exact spatial position of 
a tumor in a tissue. Therefore, an extended approach considering the spatial structure of cell 
systems has been made by Diichting and Dehl [5]. It is important to note that at this level of 
development we can only distinguish between ormal cells and tumor cells. 
Responses of tumor cells to treatment with radiation and drugs vary depending on their position 
in the cell space and whether they are proliferating or resting. Therefore, the model must be 
extended to provide the necessary information about the cell-cycle phase in which a tumor cell is 
momentarily residing. In a subsequent model we introduced istinct cell-cycle phases (G1, S, G2, 
M, N, E, GO) in an approach which allows to simulate the proliferation of an individual tumor 
cell in a nutrient medium [6]. 
2. TASK 
Only in-vitro tumors are supplied by a nutrient medium. In real life (in-vivo) they are supplied 
with oxygen and nutrients by the blood vessels. Furthermore, tumors are not homogeneous at all. 
Thus, our attention shall now be focused on modelling the spread of heterogeneous t mor cells 
in a three-dimensional v scularized tissue segment which is closer to real life. 
3. SIMPLIFYING ASSUMPTIONS 
Starting with the difficult ask of modelling cell growth some oversimplified assumptions must 
be made: 
--The phase durations of the cell cycle are assumed to be constant. 
--Assuming always a constant volume, an individual cell is to show the same cubic 
shape at all times. 
--A cell may interact with its neighboring cells residing in the corresponding row 
or column only but not with those which are positioned iagonally. 
--The construction of the blood vessels (capillaries) is as umed to be static. 
--There is only a limited 40 x 40 x 40 cell space available which is equivalent to a 
1 mm 3 tissues volume or to about 60.000 cells. 
--The influence of metastases, ide effects, immunologic reactions and drug re- 
sistance is neglected. 
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4. DESIGN STRATEGY 
It is impossible at present o find a complete overall solution describing the complex biological 
phenomenon of tumor growth. Therefore, the problem is subdivided into several parts each of 
which can be solved separately: 
(i) models of individual cells 
and 
(ii) models describing cell--cell interactions. 
4.1. Cellkinetic models of  normal and tumor cells 
A subsystem which can be considered separately is a replication of the genetic apparatus. The 
cell-cycle is defined to be the time in the life of a cell from the end of one mitotic division until 
the end of the next mitotic division. It consists of different phases (G 1, S, G2, M) which are in detail 
described by Lloyd et al. [7]. Furthermore, in Ref. [7] the definition of the noncycling (non- 
proliferating) cells "C~" and "E" is given. The E-cells are representing terminally differentiated 
end-cells and the C-~-cells may be interpreted as dormant (resting) cells. A comparison between 
Fig. 1 and Fig. 2 shows that there is only a very little difference between the cytokinetic models 
of normal and tumor cells. The main difference is that for a normal cell the transition of a 
proliferating cell on an "E"-cell takes place after a limited number of steps of division (in this 
model: after 4 steps of division) while a tumor cell is theoretically able to divide unlimitedly if the 
distance between the dividing tumor cell and the microvessels i  less than 150/tin. The cellkinetic 
data used in this model (Table 1) refer to the cellkinetic literature [7]. For the phase durations 
compiled in Table 1 a normal (Gaussian) distribution with the appropriate standard eviation a 
is assumed. 
4.2. Cell-cell interaction rules 
It is very difficult to develop a block diagram outlining precisely the effects of cell-cell 
interactions. Therefore in this approach the underlying principle is to set up a list of selected cell 
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Fig. 2. Cell-cycle model of  a tumor  cell. 
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Table 1. Cell phase durations in hours (T c = Tan + T s + T~ + TM; a = standard deviation) 
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Phase duration Percentage cell 
in h Tal acn Ts as T~ aa2 TM aM Tc Tao aao Te a e loss per time units 
Normal cell 10 2 8 1 4 1 1 0 23 24 8 16 2 0.2 
Tumor  cell a 5 2 6 3 3 I I 0 15 16 3 50 5 1.0 
b 3 1 2 1 I I I 0 7 8 2 40 4 0.2 
c l I I I I 0 1 0 4 4 2 30 3 0.5 
production rules which govern the regeneration of normal cells and the multiplication of tumor 
cells. 
Normal cells. Before entering into mitosis each dividing cell checks if there is a free position in 
the corresponding row or column. If so the division takes place and the newly-created daughter 
cell shifts all cells one position further to the nearest empty position. If there is no appropriate free 
space available the cell is transferred into the resting phase G~. 
Tumor cells. A tumor cell is able to divide even if there is no empty space available for the 
positioning of a daughter cell. Uniform random variables determine the direction of the dividing 
cells. But the division of a tumor cell is possible only if the distance between a dividing tumor cell 
and the blood vessels (capillaries) is less than 3 cell layers. All tumor cells residing in a distance 
of more than 3 cell ayers enter the resting phase GO because of lacking oxygen and nutrient supply. 
4.3. Simulation approach 
The models described in the preceding sections represent some kind of stochastic invasion 
process comprising the spread and competition of regenerating and growing cell systems. In 
realizing algorithms it seemed to be reasonable to develop special subprogram units for the 
individual cell types (Figs 1and 2) and for cell--cell interaction processes (Section 4.2). Additionally 
an immense programming effort was necessary to develop and to adapt plot-software for 
representing three-dimensional structures [8]. 
The demands upon the program are: 
--Up to 7 different cell systems hall be plotted in a three-dimensional cell space. 
--Horizontal and vertical cross section views of the cell system are to be produced. 
--Pseudo-random generators must be installed for generating the phase durations 
and for the initial filling up of the free cell space. 
To implement the model, we have written subprograms in FORTRAN IV. Figure 3 indicates 
their modular organization. The input data of the special problem-oriented simulation program 
(Fig. 3) are: 
--Notations about the individual character of a cell (normal, malignant and 
vascular). 
--Structure of the assumed capillary network. 
--Initial configuration of normal tissue and of tumor cells. 
--Data of the corresponding phase duration of a cell according to Table 1. 
--Information on cell loss rate. 
--Notations and exact data about the different kinds of tumor treatment (surgery, 
radiation therapy and chemotherapy). 
To store the information concerning an individual cell we reserved 64bits. The simulation run 
can be considered as a row-to-row computation of the cell algorithm for each individual cell. At 
each time step, the time remaining for the current phase of each cell is reduced by one unit. The 
configuration gained in this way serves as the initial state of the subsequent calculation step. 
To plot up to seven different cell systems we adapted and improved a special three-dimensional 
graphics package consisting of the following subroutines (Fig. 4): 
--QLINE computes the grid structure that characterizes the visible surface of a cell 
system. 
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Fig. 3. Schematic diagram illustrating the overall program run. 
--CPLOT transforms the three-dimensional coordinates into the plane with an 
adequate deformation. 
- -FUNC checks whether there are cells between the visual point and the line to be 
plotted. 
We performed the simulation runs on a CYBER 72/76 machine. The program currently requires 
750 kbytes of memory. A simulation run over 100 time units takes about 8 min CPU time. The 
programs, documented in a series of internal reports are being improved. A listing of the program 
is not available because at the present the program package is modified for introducing coloured 
computer graphics. 
5. ILLUSTRATIVE RESULTS 
5. I. Simulation of the spread of heterogeneous tumor cells 
Numerous imulation runs have been performed by Diichting and Vogelsaenger [8] simulating 
homogeneous tumor growth, and different kinds of treatment (surgery, radiation therapy, 
chemotherapy and restricted energy supply). In any case the vascularized tissue segment containing 
a simplified capillary network has been filled up with normal cells (Fig. 5) by pseudonumber 
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Fig. 4. Flowchart describing three-dimensional plot-routines. 
generators. Furthermore, a layer of stem cells which are responsible for maintaining the equilibrium 
between cell loss and cell gain of normal cells must be assumed around the capillaries. At T = 0 
time units 11 tumor cells of three different species (a, b, c) (data see Table 1) are arbitrarily placed 
in the center of the segment, two layers away from the capillaries. It is important to note that the 
heterogeneous tumor cells only differ in their cell-cycle duration Tc (Table 1). These tumor cells 
gradually multiply to become the tumors shown in Figs 6(a)-(e). The configuration of Fig. 6(c) 
describes the initial state for further tumor treatment. 
5.2. Simulation of a multi-step chemotherapy 
The initial configuration of the untreated tumors at T = 200 time units is illustrated in Fig. 6(c). 
An attractive treatment is to reduce the tumor size by scheduling a multi-step chemotherapy. This 
model enables to make predictions about the intervals between the subsequent reatments. 
First of all it is assumed that a chemotherapeutic drug acts on the tissue segment at T = 201 
time units [Fig. 7(a); the turned view should be noticed!], killing all proliferating tumor cells with 
a probability of 100%. All resting "G0"-tumor cells living in a distance less than ST = 3 cell layers 
from the capillaries are being recruited into the cell cycle again. Considering the time course of 
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the (resting) "G0"-cells of all tumors one may notice that there is a minimum of this curve at 
T = 212 time units. At this moment the anticancer drug damaging irreversibly all proliferating 
tumor cells is applied for a second time. The special plot of the number of tumor cells as a function 
of time shows a need for applying the anticancer drug for a third time. Then a regression of the 
tumor cells can be dearly observed in Figs 7(b) and (c). Thus, an important conclusion can be 
drawn that in the future, the optimal time of applying a chemotherapeutic drug to special tumor 
species can be determined by the aid of computer simulation. 
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Fig. 7(a). First chemotherapeutic treatment at T = 201 (die-out probability of the tumor cells: 100%). 
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Fig. 7(b). Tumor configuration at T = 255 after three applications of chemotherapy (at T = 201,212, 224). 
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Figs 7(a)-(c). Multi-step chemotherapeutic treatment of heterogeneous species of tumor cells. 
6. D IRECT ION FOR FUTURE WORK 
The main subject of this paper was to demonstrate he advances of three-dimensional modelling 
of tumor growth and treatment. There has been very good agreement between in -vitro experiments 
of multiplying an individual tumor cell in a nutrient medium and our simulation results [6]. The 
validation of the results presented in this paper is much more difficult because of the over- 
simplifying assumptions we had to make. In real life (in-vivo) the phase durations are not constant 
and the configuration of capillaries is not static. Thus, at present we are trying to stimulate tumor 
biologists to start sophisticated in-vitro experiments for validating our in-vivo simulations. 
In future it seems possible to predict the optimum treatment and time by computer simulation 
prior to clinical therapy. 
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